The constant variation: DNA methylation changes during preimplantation development  by Arányi, Tamás & Páldi, András
FEBS Letters 580 (2006) 6521–6526Hypothesis
The constant variation: DNA methylation changes
during preimplantation development
Tama´s Ara´nyia,*, Andra´s Pa´ldib,c
a Institute of Enzymology, Hungarian Academy of Sciences, Karolina ut 29, 1113 Budapest, Hungary
b Ecole Pratique des Hautes Etudes, Sorbonne, Paris, France
c Genethon; 1bis rue de l’Internationale, Evry, France
Received 4 September 2006; revised 30 October 2006; accepted 8 November 2006
Available online 16 November 2006
Edited by Laszlo NagyAbstract Studies on the DNA methylation changes in the
mouse preimplantation embryo suggested a simple and attractive
model explaining the process believed to be general in mammals.
However, recent reports revealed marked diﬀerences between
diﬀerent species that abrogates the universal validity of the
model. In order to ﬁnd an explanation to the diﬀerences, we have
analyzed the published mouse data and compared them to the
observations available in other species. The emerging common
theme is the high variability of the methylation at all scales of
observation and all levels of organization. This variability is
the likely consequence of a dynamic and active redistribution
process of the cytosine methylation in the genome.
 2006 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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Methylation of the genomic DNA is one of the key players
and the most studied of the epigenetic mechanisms that inﬂu-
ence the functional state of the genome (for reviews see [1,2]).
In mammals, the methylation of cytosines concerns essentially
the CpG dinucleotides. Methylation is implicated in the regu-
lation of chromatin structure and acts in concert with other
epigenetic mechanisms. All the processes that depend on chro-
matin structure, such as diﬀerential gene expression and inac-
tivation, recombination or replication of the genome are
inﬂuenced by DNA methylation [3,4]. It is logical therefore
that high functional relevance was attributed to DNA methyl-
ation in development.
The ﬁrst study on the global changes of DNA methylation in
mouse preimplantation embryos was published by Monk et al.
at the end of the ’80s [5]. This pioneering work laid down the
basis of the widely accepted view according to which the
embryonic genome undergoes general demethylation before
reaching the blastocyst stage. A large number of studies inves-
tigated diﬀerent aspects of this process using various tech-
niques and provided a detailed description of the kinetics of
the demethylation process. Initial studies on rat, bovine and
pig embryos also seemed to corroborate the conclusions based
on the mice data [6,7]. These observations led to the general*Corresponding author. Fax: +36 1 4665465.
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doi:10.1016/j.febslet.2006.11.018view that demethylation is a part of an epigenetic reprogram-
ming process of the genome, essential to the establishment of
correct gene expression patterns around implantation and later
on during development. This view was further supported by
the ﬁndings that both the demethylation process and the devel-
opmental potential of murine embryos were perturbed by var-
ious in vitro manipulations [8–11]. The genome of somatic cell
nuclei transferred to oocytes also fails to follow the demethyl-
ation process of normal embryos and this observation was also
put in correlation with the poor developmental potential of the
cloned embryos [6,7,12–17]. On the basis of the mouse data
(schematically summarized in Fig. 1 and in Table 1), the fol-
lowing general view (see [3,13,18]) has been deﬁned for the
early mammalian development: (1) the paternal genome is ac-
tively and completely demethylated during the ﬁrst cell cycle;
(2) the maternal genome is subject to passive demethylation
all along the preimplantation, development; (3) both genomes
become ultimately demethylated by the blastocyst stage.
Everything appeared to indicate that demethylation is indeed
a general phenomenon.
In this context, it was surprising and unexpected that data
from the sheep, human, and rabbit embryonic genomes were
in marked contradiction with the above mentioned view
[19–22]. Indeed, active demethylation of the paternal genome
is absent or variable and the total methylation loss during pre-
implantation is only partial in these species [16–19]. These
observations call in question the view on the generality of glo-
bal genome demethylation and its essential role in normal
development in mammals. One possibility is that the methyla-
tion changes have no functional relevance for the development.
One has to keep in mind that there is no direct evidence prov-
ing that demethylation in preimplantation embryos is indeed
essential. The experimental observations only describe a corre-
lation between changes in DNA methylation and developmen-
tal failure [6,12–14,19,23,24]. But correlation does not allow
concluding on causality. However, it is well established that
DNA methylation plays an essential role in the regulation of
chromatin structure and gene expression in general [3,18].
Another possibility to resolve the contradiction between the
general data based on the mouse studies and data from other
species is if the methylation–demethylation processes during
preimplantation development are species-speciﬁc and none of
the mammalian species can provide a general rule. This is an
ad hoc hypothesis. Although it cannot be formally excluded,
this suggestion is not very attractive, because it just shifts theblished by Elsevier B.V. All rights reserved.
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Fig. 1. The current model of DNA methylation changes in mouse
preimplantation embryos. The paternal genome undergoes rapid
demethylation upon fertilization (E0). The maternal genome looses
methylation step-by-step. Both genomes are ultimately and almost
homogenously demethylated before implantation (E4). The implanta-
tion is accompanied by a wave of remethylation.
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explanation. It is therefore logical to seek an alternative expla-
nation that could ﬁt the apparent species speciﬁcity of methyl-
ation changes to the known role of DNA methylation.
In order to ﬁnd this explanation, we have re-examined the
published mouse data with the idea that some hidden over-
looked aspects of these observations could help to show the
way to the reassessment of the functional relevance of the
DNA methylation changes in mammalian preimplantation
embryos. The major outcomes and consequences of this anal-
ysis are discussed below.
The initial studies used methylation sensitive restriction
enzymes – the only available method at that time – to investi-
gate the DNA methylation [25–27] (Fig. 2). Since this app-
roach is insensitive and needs high amounts of DNA,
conclusions could only be drawn on the average methylation
in a large population of embryos. In spite of the low resolution
of the method, these studies demonstrated that overall, the
genome contains much less methylated cytosines in the blasto-
cyst than in the earlier stages [5]. However, studies on various
repeated and single copy sequences have also shown that the
kinetics of the demethylation process is heterogeneous and is
probably correlated to the initial methylation pattern of each
given sequence in the mature germ cells (Table 1) [28–31].
The conclusion on the general demethylation of the genome
attracted most of the attention, because it suggested that it is
an integral part of the reprogramming required for the erasure
of the germ cell-speciﬁc epigenetic proﬁle. It was a logical
necessity to postulate such a reprogramming to explain how
the germ cell-speciﬁc expression proﬁle can switch to the strik-
ingly diﬀerent embryonic pattern. Generalized demethylation
was considered as a molecular ‘‘tabula rasa’’ that opens the
way to the establishment of new epigenetic patterns governing
new expression proﬁles. From this point of view, the observa-
tion that the methylation changes were sequence-dependent ﬁt
less the theoretical considerations and escaped the attention,
despite the fact that all subsequent studies conﬁrmed it! For
example, at least four diﬀerent kinetics of methylation changes
were observed in these studies [29,32] (Table 1) although, only
eight diﬀerent non-imprinted single copy sequences were ana-
lysed in detail [32] (Table 1) and changes of their methylationlevel were assessed from the behaviour of as few as 15 CpG
sites. Some sites were demethylated, others not or underwent
complex changes of methylation. Since variations at the spe-
ciﬁc CpG sites were so large and sample sizes were so small,
generalization is hardly possible. Still, these data are usually
cited as a conﬁrmation of the generalized demethylation of
the embryonic genome.
An important and frequently overlooked point is that
restriction enzyme analysis informs us about the average meth-
ylation in the whole population and does not allow the estima-
tion of interindividual variations of a given site or the
intraindividual and intragenomic variation of diﬀerent copies
of repeated sequences. This is particularly important, because
such variations were revealed by other methods but systemat-
ically considered as irrelevant for the biological signiﬁcance of
the methylation changes.
A high-resolution method frequently used to study DNA
methylation in preimplantation embryos is the bisulﬁte
sequencing method (Fig. 2). This method, which revealed var-
iability of methylation, is based on the ampliﬁcation, cloning
and sequencing of DNA fragments after speciﬁc conversion
of unmethylated cytosines [33,34]. It detects the methylation
proﬁle of all methylable sites in a given DNA sequence long
of several hundred basepairs. Since each sequence is derived
from a single initial DNA molecule, the bisulﬁte technique
provides information about the methylation of only a single
copy of the target sequence. Sequencing of a large number of
clones is necessary to estimate the average methylation level
of the sequence in a population of cells.
The main lesson of the bisulﬁte studies is the discovery of
high ﬂuctuation of the methylation patterns (Table 1). Usually,
the same single copy sequence displays dramatically diﬀerent
methylation proﬁles in diﬀerent cells of the same embryo, indi-
vidual copies of the same multicopy sequence show variable
methylation within the same cell and diﬀerent sequences follow
their own kinetics of methylation change [9,35–43]. Neverthe-
less, the only impact these studies had on how methylation is
considered is the conﬁrmation that if individual methylation
patterns were averaged, less methylated CpGs are present in
the blastocyst than at earlier stages.
Finally, the third major method in the study of DNA methy-
lation in preimplantation embryos is based on using an anti-
body speciﬁc to the 5-methylcytosine nucleotide (Fig. 2). The
recognition is independent of the sequence context [44]. When
the antibody is applied on metaphase chromosomes the global
topology of DNA methylation is visualized [45]. This is the
only existing approach that provides information on the topol-
ogy of global DNA methylation at the single chromosomal
level. In addition to conﬁrming the overall decrease of
methyl-cytosine content during early mouse development, the
immunolabeling studies added two signiﬁcant observations
to our knowledge (Table 1). First, the paternal genome was
shown to undergo active demethylation soon after fertilization
[46,47]. This observation is consistent with the idea of demeth-
ylation of the genome and was incorporated into the general
model on DNA methylation changes in early embryos
[3,18,47]. According to the second observation, the genome
undergoes a substantial redistribution of methylation. The
centromeric regions of the chromosomes remain methylated
or acquire de novo methylation while chromosomal arms be-
come demethylated [45]. In contrast to the paternal genome
demethylation, the phenomenon of redistribution does not ﬁt
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T. Ara´nyi, A. Pa´ldi / FEBS Letters 580 (2006) 6521–6526 6523the model of the general demethylation, attracted only little
attention and was not further studied.
The conclusion from this analysis of the mouse literature of
the three approaches used to probe DNA methylation changes
in early embryogenesis is that the current attractive model does
not take into account a large body of experimental observa-
tions.
Although the model holds true as a description of the kinet-
ics of global methylation changes in early mouse embryo it
cannot be considered as generally relevant in the light of the
recent data from other species. The emerging common new
theme is the high variation of the methylation, which is appar-
ent at all levels of genomic organization: between diﬀerent
parts of the genome, between the single copy sequences and
whole genomes within an embryo and between individual
embryos (Table 1). Similarly, the comparison and analysis of
other mammalian embryos (human, bovine, rabbit, etc.) sug-
gest that variability may be the common motif of methylation
changes between all mammalian species. Indeed, methylation
changes during preimplantation development are not only
diﬀerent between the various species but are essentially charac-
terized by an inherent variability in each species [8,15–17,19–
21,48–51]. Interindividual or intergeneic variations are hardly
detectable when the population level average of embryos or
genes is considered, but they always become evident when indi-
vidual cells and sequences are studied by techniques of higher
resolution.
Why was variability systematically overlooked in spite of the
fact that variation is a highly reproducible observation? Since
the less sensitive methods were historically the ﬁrst to be avail-
able, the initial studies detected only the population average
level of methylation and laid down the bases of the current
model. These and most of the subsequent studies were done
on mouse embryos for the obvious reasons of availability of
the experimental model. When the highly sensitive bisulﬁte
sequencing approach had been applied to a limited number
of DNA sequences, it also showed an average decrease of
the overall methyl-cytosine content. In this context it was easy
to overlook that this technique revealed the previously unde-
tected variation, which is frequently considered only as a back-
ground noise that, if too high, can hide the general rule.
Indeed, in the absence of the critical mass of data now avail-
able variations in the methylation patterns were only consid-
ered as ﬂuctuations due to the method [9,35–43,52,53].
Finally, the application of the anti-methylcytosine antibodies
has revealed unexpected diﬀerences between chromosomes of
maternal and paternal origin and dynamic methylation rear-
rangement between various parts of the same chromosomes
[45–47]. Furthermore, the recent studies on the above men-
tioned non-mouse species provided direct arguments against
the importance of the generalized homogenous demethylation
(reviewed in [22]). Therefore, the fact that initially the methyl-
ation variation was not considered as relevant is understand-
able on the basis of these historical reasons.
If both demethylation and de novo methylation occur simul-
taneously all along the preimplantation development of the
mouse [40,41,45], it is logical to hypothesise that the methyla-
tion pattern of any sequence at any moment reﬂects the actual
and local dynamic equilibrium of the two opposing processes.
The rate of the methylation and demethylation processes
depend on the availability of the catalysing enzymes and the
substrates. It is known that the methyltransferase availability
Restriction digestion            Immunodetection Bisulfite treatment
and S-blot and PCR and sequencing
detection
Population average        Embryo average            Individual Individual DNA
population variance chromosomes molecules
and inter- and
intrachromosomal      intraindividual   
variance variance
Increasing resolution - variability is detected increasingly 
M MU U
Fig. 2. Methods for the detection of DNA methylation. Restriction enzyme digestion based techniques analyze a single CpG dinucleotide in a
population of embryos (top). The mean methylation level can be detected by Southern blot or by PCR (U and M stand for unmethylated and
methylated, respectively). In the latter case interembryonic variability of the single site can be observed. DNA methylation can be detected at the
single nuclear (top) or individual chromosomal level by the anti-methylcytosine antibody. Intrachromosomal variations are illustrated by the black
and white chromosomal arms symbolizing methylated and unmethylated chromosomal regions. The bisulﬁte genomic sequencing technique has the
highest resolution on single embryos or cells (top). The methylation of groups of individual CpGs can be detected on a short fragment of a single
allele. This is illustrated by the rows of black and white circles standing for neighbouring methylated and unmethylated CpG dinucleotides.
Generally, high variability is observed from a single embryo.
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unequal distribution of a rate-limiting enzyme could explain
the regional diﬀerences of the methylation/demethylation equi-
librium in the genome and could provide a mechanism for the
methylation redistribution. This might also partially explain
the interspeciﬁc variation of DNA methylation changes [54].
However, no deﬁnitive conclusion can be drawn in the absence
of compelling data. It has been also shown that the whole pro-
cess of methylation redistribution depends on the ongoing
cellular processes in the ooplasme [19,55] suggesting that
the equilibrium of the methylation/demethylation processes
depend on the ongoing cellular functions. In addition to these
intrinsic factors the overall equilibrium can change rapidly in
response to environmental stress, such as in vitro culture
[8,10,35], even in the absence of DNA replication [9].
Therefore, the main message of the methylation story may
be this: methylation of genomic DNA is actively redistributed
during early development. The dynamic redistribution being
an error-prone process sensitive to the environmental inﬂu-
ences high variation of cytosine methylation pattern in each
cell of an embryo is generated. As a result, while it is possible
to determine the overall tendency of the methyl-cytosine con-
tent, the methylation pattern of a unique DNA sequence in a
given cell of a given embryo can only be predicted with a prob-
ability and it is statistically unlikely that two cells in an embryo
share exactly the same methylation pattern. Although the gen-
eration of such a high intercellular and interembryonic varia-
tion of the methylation patterns of the same DNA sequence
is understandable and can be easily explained by the ﬂuctua-
tions of the environment and the stochasticity of the molecularprocesses involved, the question of biological signiﬁcance
remains open.
The current view is that embryonic gene expression patterns
can only emerge if the transcriptionally repressive state inher-
ited from the gametes is removed. This process is usually called
‘‘epigenetic reprogramming’’ and the methylation changes are
part of it. The fact that the erasure of the gametic epigenetic
marks – including methylation – is not identical in all cells of
the embryo does not contradicts this idea. But could it have
a functional role? Reports indicate that methylation variation
can be a deleterious noise the embryo has to cope with. Indeed,
the observation that increased methylation variability due to
environmental stress or somatic nuclear transfer correlates
with the increased rate of developmental failure suggests that
too much variation is deleterious.
Therefore, there are no grounds to suppose that the natural
level of variation has no long-term eﬀects. In this case a logical
hypothesis to examine is that it can be biologically signiﬁcant
and useful for the embryo. The global gene expression pattern
in preimplantation embryos, just like the methylation changes
was also shown to ﬂuctuate with the culture environment [11].
The environmental sensitivity of the methylation redistribution
process in concert with other epigenetic modiﬁcations may
help to lay down individual embryo-speciﬁc gene expression
patterns that ﬁt better to the actual environment and thus con-
tributes to successful development (Fig. 3). The (transgenera-
tional) eﬀects of environmental stress brought about by
epigenetic mechanisms are well documented [23,36,56,57] (for
recent reviews see [58,59]). In this sense, the increase of meth-
ylation variation in response to the environmental ﬂuctuations
STRESS
Increased DNA methylation heterogeneity
Phenotypic changes
(differentiation)
Transgenerational effects
Parental germ cells
Postimplantation, primordial 
germ cells, 
Early embryogenesis
Fig. 3. The eﬀect of environmental stress on the embryonic develop-
ment.
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and, as suggested, could provide a mechanism for a rapid form
of adaptive evolution [60,61]. The obvious prediction of the
hypothesis is that increase or decrease of the variability has a
consequence on the phenotypic diversity of the developing
foetuses. Although this prediction has never been tested in
its explicit form, the above mentioned observations on the high
phenotypic variation of foetuses derived from somatic nuclear
cloning or in vitro culturing experiments where the increased
variation of methylation patterns in preimplantation embryos
was shown provide a preliminary conﬁrmation.
In conclusion, the existing model describing global methyla-
tion changes turned out to be speciﬁc to the mouse. Although
no new generally applicable model on the global methylation
changes can be developed on the basis of current data, more
and more observations suggest that the emerging common
theme is the local variability and the sensitivity of DNA meth-
ylation in preimplantation embryos to the environmental ﬂuc-
tuations. The kinetics of the global changes may be only of
secondary importance. The role of DNA methylation together
with other epigenetic factors may be similar in early develop-
ment to the processes documented in adult tissues and may
reside in the adaptive reaction of the organism to the changing
environment. However, further studies are needed to test this
hypothesis.
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